We compare low frequency noise in magnetic tunnel junctions with MgO barriers prepared by electron-beam evaporation with those prepared by radiofrequency sputtering, both showing a high tunneling magnetoresistance. The normalized noise parameter in the parallel state of junctions with evaporated barriers is at least one order of magnitude lower than that in junctions with sputtered barriers, and exhibits a weaker bias dependence. The lowest normalized noise is in the 10 −11 m 2 range. A lower density of oxygen vacancies acting as charge trap states in the evaporated MgO is responsible for the lower noise.
Magnetic tunnel junctions ͑MTJs͒ have attracted a great deal of attention since the demonstration of the tunneling magnetoresistance ͑TMR͒ effect at room temperature.
1,2 Following theoretical predictions, 3, 4 a large TMR ratio of up to 200% at room temperature in MTJs with CoFeB electrodes and MgO tunnel barriers was achieved. 5, 6 A record room temperature TMR of 604% has since been reported in a pseudospin valve stack, 7 which is close to the theoretical maximum. 3, 4 Major advances in MTJs have led to important applications in hard-disk read heads, 8 sensors, 9 and magnetic random access memory. 10 For magnetic field sensing applications, both signal and noise in the MTJ are of equal significance. It has been found previously that 1 / f noise usually dominates other kinds of noise, e.g., thermal noise and shot noise, at frequencies up to a few kilohertz in an MTJ device, and it limits the low-frequency sensitivity. [11] [12] [13] [14] [15] [16] The 1 / f noise in these devices is normally quantified by the Hooge parameter ␣, defined as AfS V / V 2 , in which A is the junction area, f the frequency, S V the noise power spectrum density, and V the voltage applied to the MTJ. 12, 17 In conventional radio frequency ͑rf͒ sputtered MTJs with CoFeB electrodes and MgO tunnel barriers, ␣ was reported to decrease as a function of annealing time and reach a minimum value of 2 ϫ 10 −10 m 2 . 18 The lowest ␣ value ever observed in MTJs, between ͑1-5͒ ϫ 10 −11 m 2 , was achieved in fully epitaxial Fe͑100͒/MgO͑100͒/Fe͑100͒ junctions grown by molecular beam epitaxy ͑MBE͒. 19 Recently, some of us suggested electron-beam evaporation as an alternative to MBE or rf-sputtering for growing high quality MgO tunnel barriers. The junctions fabricated in this way have been shown to possess high TMR ratios of ϳ240% at room temperature and a reduced density of oxygen vacancies, compared to counterparts grown entirely by rf-sputtering. 20 In this work, we report on low frequency noise in the MTJs with electron-beam evaporated MgO barriers of different thicknesses ͑EB-MTJs͒, comparing it to that measured in our MTJs with rf-sputtered MgO tunnel barriers ͑rf-MTJs͒. We show that the Hooge parameter ␣ in the EB-MTJs in their parallel state is at least one order of magnitude lower than that in the rf-MTJs, across a large range of resistance-area ͑RA͒ product 5 ϫ netic field of 800 mT for 1 h. All magnetotransport and noise measurements were performed by a four-probe method at room temperature. Positive bias is defined as the direction of electrons tunneling from the free to the pinned CoFeB layer. Further details on the sample growth process and measurement can be found in Refs. [20] [21] [22] . Figure 1 shows MR curves for an EB-MTJ and a rf-MTJ. The TMR ratios are 212% and 203%, and their RA values are 9 k⍀ m 2 and 26 k⍀ m 2 , respectively. We note here that our EB-MTJs show a similar TMR ratio to the rf-MTJs but the RA is greater for the EB junctions with a given barrier thickness. The high magnetoresistance reflects the high quality of our MgO barriers of both types. Figure 2 plots the normalized noise power spectral density ͑AS V / V 2 ͒ as a function of frequency for the EB-and rf-MTJs. The amplifier noise and thermal noise have been subtracted from the measured S V . We only show the noise power spectral density under low current bias, to avoid the complication of bias dependence of ␣. A 1/ f low frequency noise is observed for either the parallel or antiparallel state for both types of MTJs but the noise in the antiparallel state is always higher.
It is evident in Fig. 2 that our EB-MTJ possesses a much lower normalized noise power spectrum in the parallel state compared to the rf-MTJ, despite the fact that all the other layers in the stack are grown in exactly the same way. Low frequency noise in MTJs in the parallel state is thought to be dominated by barrier noise. 18 Our results, therefore, indicate that the electron-beam evaporated MgO barrier is quieter than the rf sputtered one.
We note that the normalized noise in the parallel state of an MTJ decreases with thermal annealing, and reaches its minimum after annealing at 300°C for an hour. Further increase in the annealing temperature does not cause much decrease in the MTJs' normalized noise ͑Fig. 2 inset͒, although the magnetoresistance continues to increase after. This observation supports a recent report of Stearret et al., 18 who found a similar behavior of low frequency noise in MTJs with sputtered MgO tunnel barriers as a function of annealing time. All the annealing temperatures we used in this study are above 300°C.
We summarize the Hooge parameter for the parallel state as a function of RA in the EB-and rf-MTJs in Fig. 3͑a͒ . It is found that ␣ of the rf-MTJs first falls with decreasing RA, then reaches a roughly constant value ͑ϳ10 −9 m 2 ͒ in devices with RA below 5 ϫ 10 5 ⍀ m 2 . This is similar to the behavior summarized by Gokce et al. 23 for low frequency noise in MTJs fabricated in different laboratories. This can possibly be related to Hooge's original idea that 1 / f noise scales inversely as the number of mobile charge carriers in the active area of the device. 24 The ␣ values in EB-MTJs are of order 10 −10 m 2 when RA is lower than 10 6 ⍀ m 2 , which is at least one order of magnitude lower than those in rf-MTJs. The lowest ␣ measured is 2.1ϫ 10 −11 m 2 for a MTJ with the RA of 7 ϫ 10 4 ⍀ m 2 . This is comparable to that reported in fully epitaxial single crystal Fe/MgO/Fe MTJs. 19 We also observe that ␣ in EB-MTJs shows more scatter than that in rf-MTJs. This can probably be attributed to the fact that a lower ␣ value is more sensitive to the local variation in the barrier quality. 19 Figure 3͑b͒ shows the corresponding TMR ratio for both types of MTJs. The TMR ratio varies very little when RA exceeds 10 3 ⍀ m 2 . Similar observations have been previously reported in Ref. 25 . The highest TMR values are 240% and 235% for the EB-and rf-MTJs, respectively. We see no correlation between TMR and ␣. The large difference of ␣ for the parallel state of the two types of MTJs, shown in Fig.  3͑a͒ , cannot be explained by a difference in their TMR ratio. Figure 4 shows the bias dependence of ␣ for the EB-and rf-MTJs for the parallel and antiparallel states. The Hooge parameter ␣ for the antiparallel state is higher than for the parallel state due to magnetic fluctuations which contribute largely to the low frequency noise. In either state, the ␣ value remains roughly constant when the bias voltage is below 100 mV for both types of MTJs. However, ␣ for the antiparallel state shows a strong bias dependence at greater voltages for both types of MTJs. This can be linked to the nonlinear dependence of junction resistance on bias voltage. 18 In the parallel state, ␣ in the rf-MTJ shows a slight decrease when a bias voltage larger than 200 mV is applied, as reported in Refs. 17 and 23, while ␣ in the EB-MTJ is nearly bias independent. The increase in ␣ at high positive bias for the rf- MTJ in its antiparallel state is related to the appearance of random telegraph noise ͑not shown͒. It is found that the tunnel barrier and the barrier/ electrode interfaces can be improved during the annealing process, which leads to a high TMR due to crystallization of CoFeB electrodes and improved quality of the MgO barrier. In our case, the CoFeB layers in both types of MTJs are expected to be quite similar, as they were both grown by sputtering and underwent exactly the same annealing treatment. The difference of ␣ must largely originate from the MgO barrier due to the different oxide growth methods. It has been shown that upon annealing, the rf-MgO retains a larger d-spacing, while the evaporated MgO has the same d-spacing as bulk MgO. 20 A higher density of oxygen vacancies forms in the MgO layer near the two interfaces for the rf-MTJs, while the density of oxygen vacancies in the MgO barrier is much lower for EB-MTJs, due to the fact that deposition of MgO by electron-beam evaporation leads to almost layer-by-layer growth. 20 Although the quality of the MgO tunnel barrier can be greatly improved during the annealing process, the oxygen vacancies cannot be completely removed. They act as charge traps which create low frequency noise. This explains why the ␣ value in our EB-MTJs is much lower, and supports the conclusion of other authors 18 that sputtered MTJs have an apparent noise floor due to a particular defect type which has to be eliminated by an improved fabrication process.
In conclusion, a lower 1 / f noise, characterized by the Hooge parameter ␣, obtained in EB-MTJs compared to that found in rf-MTJs is attributed to the absence of charge trap states in the MgO tunnel barrier associated with oxygen vacancies. Electron-beam evaporation is an alternative way to produce high quality MgO tunnel barriers with noise performance comparable to that found for fully epitaxial single crystalline junctions grown by MBE. 19 It is faster and more cost effective, and it could be easily integrated in industrial production. TMR-based magnetic field sensors with electronbeam evaporated MgO barriers offer about an order of magnitude improvement in their signal-to-noise ratio compared to those with conventional sputtered MgO tunnel barriers. 
